Abstract Flaviviruses, including Zika and dengue (DENV), pose a serious global threat to human health. Of the 50+ million humans infected with DENV annually, approximately 1-3 % progress to severe disease manifestations, dengue hemorrhagic fever (DHF) or dengue shock syndrome (DSS). Several factors are suspected to mediate the course of infection and pathogenesis of DENV infection. DHF and DSS are associated with vascular leakage and neurological sequelae. Our hypothesis was that altered astrocyte activation and morphology would alter the dynamics of the extracellular space and hence, neuronal and vascular function. We investigated the mechanisms of neuropathogenesis DENV infection in rhesus macaques. There were decreased numbers of GFAP immunopositive astrocytes per unit area, although those that remained had increased arbor length and complexity. This was combined with structural hypertrophy of white matter astrocytes in the absence of increased vascular leakage. Combined, these studies show how even low-grade infection with DENV induces measurable changes within the parenchyma of infected individuals.
Introduction
Arboviruses infect over 100 million humans worldwide annually, with 3 billion at risk for infection. This family of viruses includes Chikungunya, Zika, and dengue (DENV), the last two of which are flaviviruses. The increased risk for infection may be due, in part, to the spread of the mosquito vectors of DENV, Aedes aegypti and Aedes albopictus (WHO 2010) .
The traditional focus on neurons has broadened to include astrocytes, microglia, and other cell types when examining neuropathogenesis. Astrocyte activation is the fastest response in the brain to viral infection and often the only change observed (Zlotnik 1968) . We have recently observed dramatic changes in astrocyte microanatomy in animals infected with the togavirus Chikungunya (Inglis et al. 2015) , the lentivirus simian immunodeficiency virus (SIV) (Lee et al. 2014) , or the bacterium Brucella melitensis (Lee et al. 2013a) . We have also shown that the order of sequential activation has dramatic alterations in the physiology of astrocytes (Renner et al. 2013) . Primates have six to seven subpopulations of astrocytes (Oberheim et al. 2009 ) compared with two types in rodents, making the nonhuman primate the ideal model for neuropathological examination. Recent evidence suggests that there is specific activation of astrocytes in different areas of brain depending on disease state (Lee et al. 2013b; Torres-Platas et al. 2011) . As astrocytes are long established as sentinels for neuroinflammation (Zlotnik 1968) , it would be expected that astrocytes would be activated following infection with DENV. Further, astrocytes are known to remain in a phenotype associated with activation after virus is cleared from brain tissues (Lee et al. 2014; Zlotnik 1968) , indicating long-term consequences of viral infection.
A common sequela to flavivirus infection, including infection with DENV, is distorted capillaries (Cassetti et al. 2010; Talavera et al. 2004; Velandia-Romero et al. 2012; Zlotnik 1968; Zompi and Harris 2012) , with downstream petechia, and hematomas (Onlamoon et al. 2010) . The mechanisms of these are, however, poorly understood. Previous studies at Tulane National Primate Research Center (TNPRC) examined intravenous or subcutaneous inoculation of DENV to establish a model for DENV hemorrhagic fever, which has been associated with neurological sequelae (Maximova et al. 2008; Ramos et al. 1998) . We have recently shown that in macaques with active lentiviral infection of brain, there is astrogliosis (Lee et al. 2014 ) and increased vascular leakage, as evidenced by increased parenchymal fibrinogen (Renner et al. 2012) .
Our hypothesis was that DENV infection would induce vascular leakage and changes in the microanatomy of primate astrocytes associated with neuropathology. To address this question, we examined archived brain samples from macaques infected with DENV serotype 2. Our approach was to stain 6-μm paraffin sections for fibrinogen, ZO-1, and glial fibrillary acidic protein (GFAP). During the acute phase of DENV infection, we noted that cortical white matter astrocytes were significantly hypertrophied combined with increased complexity. Therefore, in the absence of apparent neuroinflammation or vascular leakage, there was still immune activation of astrocytes and quantifiable changes to their microarchitecture.
Materials and methods
Ethics statement, animal housing, and selection of tissues As has been described previously , animals were maintained in Animal Biosafety Level 2 housing with a 12:12-h light:dark cycle, relative humidity 30 to 70 %, and a temperature of 17.8 to 28.9°C, as is routine at Tulane National Primate Research Center. TNPRC is fully accredited by the Association for the Assessment and Accreditation of Laboratory Animal Care-International (Animal Welfare Assurance no. A4499-01). All animal-related protocols were overseen by veterinarians and their staff, having been approved by the Institutional Animal Care and Use Committee (IACUC), and in accordance with to the guidelines prescribed by the NIH Guide to Laboratory Animal Care.
Six rhesus macaques were infected by either subcutaneous or intravenous route with DENV serotype 2. Two animals were euthanized for tissue collection at days 2 and 4 postinfection (Table 1 ). The remaining four animals received DENV twice, separated by 2 months. They were humanely euthanized by the veterinary staff at the TNPRC 26 days after the second inoculation.
Tissues were selected solely on their availability in the TNPRC tissue archive. All of the animals were naïve as regards infectious or pharmacological studies. Frontal cortical tissue from 4 control and 6 DENV virus-infected Chineseorigin rhesus macaques (Macaca mulatta) were used for this study, for a total of 10 animals (Table 1) .
Histopathology
We examined 6-μm paraffin-embedded brain sections stained with hematoxylin and eosin. Inflammatory foci were calculated at low power as previously described (Renner et al. 2012) . The area of each section was determined by point counting to determine the total area of the section with a 3.3-mm overlay grid (Howard and Reed 1998) . Lesions per square millimeter for each brain section and then animal were calculated and used in graphical comparisons and statistical tests. Other major tissues and organs were evaluated for inflammatory lesion intensity on a scale of 0 to 4 and frequency among the groups of animals.
Immunohistochemistry
Six-micrometer paraffin sections were incubated with GFAP primary antibody (1:400 dilution, GA-5, Sigma) or fibrinogen (1:100 dilution, Dako) overnight at 4°C. Following washes with PBS with 0.2 % bovine serum albumin (PBS/BSA; Santa Cruz), they were incubated with secondary antibodies directly conjugated with Alexa 488 (green) or Alexa 568 (red) (Molecular Probes/Invitrogen, Carlsbad, CA) and coverslipped with Prolong Gold with DAPI (Molecular Probes/ Invitrogen). Stained slides were imaged fluorescence microscope (Nikon Eclipse TE2000-U) or confocal (Leica TCS2; Fig. 2 only) .
Quantification of astrocyte morphology
Nonoverlapping fields were imaged at ×40 objective (Nikon Eclipse TE2000-U) and imported into Neurolucida software (MBF Bioscience), as described previously (Inglis et al. 2015) . Astrocytes from layers 3-5 were selected randomly for our analysis. An average of 10 astrocytes with clear cell bodies and processes that did not touch the edges of fields in both gray and white matter were chosen from each animal for 2D reconstruction, importing into and subsequent analyses w i t h N e u r o l u c i d a E x p l o r e r ( M B F B i o s c i e n c e ) . Morphological measures of cell area, branching points, arbor volume, and length were then generated.
Statistical analyses
Statistical analyses were performed using GraphPad Prism (version 5, GraphPad Software, La Jolla, CA). Normality was assessed by Kolmogorov-Smirnov test, and data that passed normality were analyzed by unpaired t test. Data that were not distributed normally were assessed by MannWhitney test to determine significance between groups.
Results are expressed as mean ± SEM. For all analyses, significance was set at p < 0.05.
Determination of cerebral vascular leakage
Images of slides stained for ZO-1 and fibrinogen expression were captured by fluorescence microscope and analyzed using ImageJ (version 1.43r, NIH). Mean intensity of fibrinogen expression was calculated from single-channel images, as previously described (Renner et al. 2012 ). Statistics were performed using Prism as above.
Results

Summary of pathological findings
Histological examination of tissues from the two acutely infected animals (GT46 and GT53) revealed no lesions with the exception of in liver of GT46 (48 h postinfection) consistent with recent viral infection. The remaining four infected animals (see table for more details) had minimal to mild lymphoid hyperplasia in lymph nodes. Only one animal (GT49) had unusual observation (mild myocardial degeneration), potentially consistent with more severe dengue disease. All four of these animals had low-to middle-grade fever 10 days after the second infection with DENV (ranging from 102.4 to 103.5°F; normal macaque body temperature is about 101°F). Two of the four animals receiving the second round of DENV infection had evidence of vascular leakage (GT47 and GT49).
The four control animals were euthanized for wasting or colitis. There was generally minimal inflammation in the colon of these animals and no other significant inflammatory findings.
Infection with serotype 2 dengue decreases the number of GFAP+ astrocytes
Based on previous studies by ourselves and others, we postulated that DENV infection would alter the numbers of astrocytes per unit area and that these astrocytes would be activated (Inglis et al. 2015; Lee et al. 2013a, b; Snook et al. 2013) . To address his question, we stained 6-μm paraffin sections with GFAP antibodies as is routine in this lab (Inglis et al. 2015; Lee et al. 2013a, b; Robillard et al. 2016; Snook et al. 2013 ). To determine if DENV infection affected the density of astrocytes in macaque frontal lobe, the number of GFAP-positive cells per unit area was calculated. Macaques infected with DENV had decreased numbers of white matter astrocytes per unit area compared with controls (from 402 GFAP+ cells/mm 2 to 291 cells/mm 2 , p < 0.0001; Fig. 1a ). Due to the low expression of GFAP-positive cells in cortical gray matter of Chinese rhesus macaques, GFAP-labeled astrocytes could not be evaluated quantitatively (not shown). This was confirmed by quantifying the expression of GFAP using unbiased particle analysis (ImageJ, v1.48u4), as described recently (Inglis et al. 2015) . In brief, five images per stained section were captured at ×20 objective. The relative optical density was reduced by 23 % (p < 0.0001; Figure 1b) . Thus, DENV serotype 2 infection led to decreased numbers of GFAP immunopositive astrocytes in white matter of macaques.
Dengue virus infection induces process extension
Astrogliosis is associated with decreased synaptic transmission (Freria et al. 2012) . Therefore, as astrocytes form a Fig. 2a) and DENV-infected (Fig. 2b ) macaques demonstrate numerous changes.
Morphometric analyses indicate swelling of cell bodies and longer, more highly branched processes in white matter astrocytes
To determine how astrocyte activation translated into altered overall morphology, fluorescent images of GFAP immunopositive cells were imported into Neurolucida as is routine (Inglis et al. 2015; Lee et al. 2013a, b; Renner et al. 2013; Robillard et al. 2016; Snook et al. 2013) . The morphometrics of the cells were then calculated to determine if DENV infection induced an atrophy or hypertrophy. These data are presented in Fig. 3 . The cumulative length of astrocyte processes, beginning with cell bodies to the end of processes, was calculated for each astrocyte in gray (Fig. 3a) and white matter (Fig. 3b) . While there was no significant change in gray matter, the cell arbor was increased by approximately 50 % in white matter astrocytes following DENV infection (DENV 506 ± 26 μm 2 vs control 354 ± 15 μm 2 , p < 0.0001). Using the diameter of the astrocyte processes, frusta were created in Neurolucida to determine the arbor volume of the astrocyte processes. There was no significant alteration in volume of astrocyte processes in gray matter (Fig. 3c) . However, the arbor volume of the astrocyte processes was increased significantly in white matter astrocytes of animals infected with DENV compared with control brains (control 431 μm 3 vs DENV 633 μm 3 , p = 0.0018; Fig. 3d ).
Dengue infection induces astrocyte cell body hypertrophy
As other infections (Chikungunya, SIV, Brucella) have been shown to alter the astrocyte cell body, we assessed cell body atrophy or hypertrophy by measuring the area of the cell body of astrocytes. The cell bodies in control gray matter astrocytes were 133.7 ± 5.6 μm 2 (Fig. 3e) . There was no significant change in cell body area in gray matter astrocytes of DENVinfected macaques (150.5 ± 6.2 μm 2 ), However, once again, white matter astrocyte cell bodies were significantly larger following DENV infection in white matter (189.3 ± 6.9 vs 239 ± 12.7 μm 2 , p = 0.0027; Fig. 3f ), indicating cytoplasmic expansion/cellular swelling.
Dengue virus induces de novo process formation and increased complexity of white matter astrocytes
To determine if the increased cell arbor (Fig. 3b) and volume ( Fig. 3d) were reflected in an increased number of primary processes, we quantified the number of primary processes. DENV infection did not alter the number of primary processes in gray matter (p = 0.44; Fig. 4a) . However, the number of primary processes was significantly increased in white matter (p = 0.008; Fig. 4b ). The complexity of the astrocytes was also assessed by counting the number of nodes and tips per astrocyte. There was no increase in gray matter branching (p = 0.27; Fig. 4c ). The number of bifurcations (nodes) in white matter astrocytes increased significantly in DENVinfected animals (p < 0.0001; Fig. 4d) . As with the other parameters measured, there was no significant increase in the number of astrocyte tips in gray matter following DENV infection (p = 0.47; Fig. 4e ). There was, however, an increased tip quantity in white matter astrocytes (p < 0.0001; Fig. 4f ) compared with controls. From these studies, we concluded 
Dengue infection is not correlated with blood-brain barrier disruption
Finally, we sought to determine if DENV infection with a single serotype induced leakage of serum proteins through the blood-brain barrier and into the parenchyma. To this end, we performed multilabel confocal microscopy to determine if DENV altered ZO-1 expression and plasma fibrinogen infiltration into the parenchyma. We and others have used parenchymal fibrinogen to demonstrate viral-associated blood-brain barrier (BBB) disruption (Luabeya et al. 2000; Renner et al. 2012) . In either control macaques, or macaques infected with DENV, we detected minimal fibrinogen (green) in brain parenchyma (Fig. 5a, 5b) . Following a similar quantitation method to that used for GFAP expression, there was approximately 22 % increased fibrinogen staining (Fig. 5c) ; however, this did not reach statistical significance (p = 0.0637).
In summary, we observed decreased density of white matter astrocytes in macaques infected with DENV. This was combined with morphologic changes in white matter astrocytes with increase in process length (cell arbor and radius). Furthermore, astrocytes in white matter showed an increase in tip quantity and branching, a further indication of increased astrocyte complexity following DENV infection. Thus, white matter astrocytes are activated in several parameters following DENV infection. That there were no changes in gray matter may reflect the intact BBB, as evidenced by lack of significantly increased parenchymal fibrinogen deposition.
Discussion
At the time of necropsy (26 days after receiving the second inoculation with DENV), there were no apparent histological changes in the brains of the macaques infected with DENV. However, other organs including multiple lymph nodes were noted to have lymphocytic hyperplasia (not shown). Thus, although DENV did not induce obvious changes in brain, there was limited inflammation in other organ systems in DENV-infected macaques including heart, kidney, and tonsils (not shown).
This study was undertaken to quantify astrogliosis in primates infected with DENV serotype 2. As the role of glial cells in viral neuropathogenesis is becoming increasingly apparent (Inglis et al. 2015; Lee et al. 2014; Velandia-Romero et al. 2012) , it was important to quantify the activation of astrocytes with regard to astrocyte proliferation/migration and astrocyte morphology and BBB disruption. Viral-associated astrogliosis and hypertrophy were noted to occur only in white matter, perhaps an indication of local immune activation (Torres-Platas et al. 2011) . That each parameter tested was significantly upregulated in white matter astrocytes regardless of hemorrhagic status would require additional animal studies. It is possibly a result of the long-term nature of astrocyte activation following flaviviral (Zlotnik 1968) or lentiviral (Lee et al. 2014) infection. It is also possible that the nonsignificant elevation of fibrinogen (Fig. 5 ) reflects that vascular leakage had occurred, but this had recovered by the time of necropsy.
The decreased astrocyte density in white matter is suggestive of either cell migration out of the tissues, downregulation of GFAP, or possibly cell death. It is interesting that West Nile virus, another flaviviral infection, has been correlated with increased glutamate excitotoxicity (Clarke et al. 2014b) , possibly through glial activation (Clarke et al. 2014a ). Combined, these data confirm a role for astrocytes in immune activation within brain following flaviviral infection.
We have previously demonstrated morphometric changes in astrocyte processes in response to bacterial infection (B. melitensis; Lee et al. 2013a ), togavirus infection (Inglis et al. 2015 , or lentiviral infection (Lee et al. 2014 ) and aberrant behavior (Lee et al. 2015, b) . The hypertrophy observed here in white matter was distinct from any of these, with significantly increased cell bodies and numbers of primary processes.
Cytokine secretion and altered adhesion of astrocytes are linked to morphological changes (Renner et al. 2013) . It is intriguing that there was a decrease in the number of white matter astrocytes at the same time as an increase in size of astrocytes observed. As white matter fibrous astrocytes are generally evenly spaced out (Oberheim et al. 2009) , it is, of course, possible that the increase in size reflects Bspace filling^by the remaining astrocytes.
Indian rhesus macaques infected with another arbovirus, Chikungunya, have altered astrocyte morphology combined with increased TLR2 expression (Inglis et al. 2015) . However, in those animals, while the white matter astrocytes displayed cell body hypertrophy, there were no other significant changes in white matter astrocytes. In addition, the gray matter astrocyte processes were significantly less complex than in control animals. DENV infection induced morphometric changes in white matter astrocytes similar to those reported in macaques infected with B. melitensis (Lee et al. 2013a) or in depressed humans (Torres-Platas et al. 2011) . Previous studies using DENV infection in rodents (Zlotnik 1968) showed acute degeneration of astrocyte processes, although this was observed at 6-8 days after a single round of intracerebral infection, rather than 26 days after a second intravenous or subcutaneous Grey Matter White Matter Fig. 4 Increased complexity of white matter astrocytes following intravenous infection with DENV.
As with the measures of overall morphology, there were no significant changes in the number of primary processes (a), nodes (c), nor tip quantity (e) in gray matter astrocytes. Following infection with DENV, there was a significant increase in the number of primary dendrites (b), nodes/ bifurcations of dendrites (d), and terminal branches/tips (f) in white matter astrocytes inoculation in this study. However, similar hypertrophy to that observed here was noted in mouse hippocampus and cortex 21 days postinfection with Langat virus (also a flavivirus). Thus, while the astrogliosis observed could conceivably induced by a generalized immune activation observed in the animals infected with DENV (Table 1) , we believe this to be unlikely. Unlike in our previous studies using Indian-origin rhesus macaques (Lee et al. 2013a, b; Snook et al. 2013) , the control Chinese macaques were euthanized due to inflammatory illness (colitis, amyloidosis). With the emergence of other flaviviral infections, notably Zika, it will be important to examine if putative vaccine candidates or medications inhibit the astrocyte activation. Further, does the glial activation return to a more normal phenotype following resolution of the infection, or is the astrocyte activation more long-lived, even in the absence of virus in brain, as we have recently shown with SIV infection (Lee et al. 2014) .
